In our previous work, 1) we formulated the sustained-release phenylpropanolamine hydrochloride (PPA) bilayer caplets containing the hydroxypropylmethylcellulose 2208 (HPMC2208), Metolose 90SH4000, matrix to expect the prolonged-release characteristics of PPA after rapid dissolution in vivo without dissolution change due to pH and mechanical shear.
In our previous work, 1) we formulated the sustained-release phenylpropanolamine hydrochloride (PPA) bilayer caplets containing the hydroxypropylmethylcellulose 2208 (HPMC2208), Metolose 90SH4000, matrix to expect the prolonged-release characteristics of PPA after rapid dissolution in vivo without dissolution change due to pH and mechanical shear.
The bilayer caplets have deep convex face that is 3.8 mm radius of curvature (3.8R) to improve easy of swallowing. It is widely known that deep convex-faced tablets have the tendency of capping and lamination.
2) Establishment of the manufacturing method of the formulated bilayer caplets containing the HPMC2208 matrix with an excellent compactibility is important for manufacturing the good-quality product without capping and lamination.
There have been many papers recently on the compactibility of HPMC2208. Nokhodchi et al. investigated the effect of particle size and viscosity grade on the compaction properties of HPMC2208, 3) the effect of moisture on the compaction of HPMC2208, 4, 5) and the effects of compression rate and force on the compaction properties of different viscosity grades of HPMC2208. 6) Malamataris et al. investigated the effect of particle size and sorbed moisture on compactibility of tableted HPMC2208. 7, 8) Furthermore, there are several reports on the compactibility of the formulated matrix tablets whose HPMC2208 content is not more than 30%. [9] [10] [11] However, information on multilayer compression is limited. Li et al. suggested that the compression force on the first layer was the major factor affecting lamination of bilayer tablets and the compression zone in the die cavity of the second layer was the critical factor in controlling tablet capping tendency. 12) Karehill et al. suggested that a high fragmentation tendency of tableting compounds and excipients will facilitate the formation of mechanically strong bilayer tablets. 13) Yang et al. investigated that the compression behavior and compactibility of the triple-layer tablets containing poly (ethylene oxide). 14) Nevertheless, in the above literature and a review of the literature, 15) information concerning the compression characteristics of formulated bilayer caplets containing a HPMC2208 matrix is rarely mentioned.
The purpose of this study was to establish the manufacturing method of the formulated bilayer caplets (BENZA ® AL) containing the HPMC2208 (Metolose 90SH4000) matrix without lamination. In this study, effects of filling order in bilayer compression and manufacturing method of the prolonged-release layer whose Metolose 90SH4000 content is 60% on the compactibility of bilayer caplets were investigated.
Experimental
Materials PPA (Alps Pharmaceutical Ind. Co.) was used as a sustainedreleased drug. HPMC 2208 (Metolose 90SH4000, Shin-Etsu Chemical Co.) was used as a hydrophilic polymer of the prolonged-release matrices. Metolose 90SH4000 used in the experiments is as follows; median particle size 60-70 mm, moisture content (loss on drying, 1 g, 105°C, 1 h) 3.5-5.0%.
Microcrystalline cellulose (Ceolus KG-801, Asahi Chemical Ind. Co.) and spray-dried anhydrous dibasic calcium phosphate (Fujicalin SG, Fuji Chemical Ind. Co.) were used as diluents in the prolonged-release layer. Other excipients used as components of the immediate-release layer and the prolonged-release layer were described in the previous paper. talline cellulose (Avicel PH101, Asahi Chemical Co.) and directly compressible lactose (Tablettose, Meggle GmbH) were used for measurements of tensile strength. All other chemicals were of reagent grade. Tablets (350 mg) were directly compacted with a compression instrument (Autograph AG-5000B, Shimadzu Corporation) using a 10 mm diameter flat-faced punch. The compression speed was 10 mm/min. The ejection speed was 100 mm/min. The compression pressure was varied from 98 to 196 MPa. The tablet crushing force was measured by a diametrical compression using the compression instrument. Tensile strength (T) was calculated using the following Eq. 1:
Measurement of Tensile Strength
where F is the crushing force, D is the tablet diameter, and L is the tablet thickness. 16) In the experiment on the effect of roller compaction pressure on the compactibility of the prolonged-release layer, the granules (200 mg), particle size fraction is 100-140 mesh, were directly compacted with the compression instrument using a 8 mm diameter flat-faced punch. The compression pressure was 98 MPa.
Manufacturing of the Immediate-Release Layer by Wet Granulation Manufacturing of the immediate-release layer by wet granulation was described in the previous paper.
1) PPA content in the immediate-release layer was 5 mg in a bilayer caplet.
Manufacturing of the Prolonged-Release Layer by Dry Granulation Manufacturing of the prolonged-release layer consisting of PPA, Ceolus KG-801, Fujicalin SG, and Metolose 90SH4000 by dry granulation was described in the previous paper.
1) PPA content in the prolonged-release layer was 20 mg in a bilayer caplet. The roller compaction pressure was varied from 3.1 to 46.7 kN. Unless otherwise specified, the roller compaction pressure used in the experiments was 46.7 kN.
Manufacturing of the Prolonged-Release Layer by Direct Compression Manufacturing of the prolonged-release layer consisting of PPA, Ceolus KG-801, Fujicalin SG, and Metolose 90SH4000 by direct compression was described in the previous paper.
1) PPA content in the prolonged-release layer was 20 mg in a bilayer caplet.
Bilayer Compression Bilayer compression was described in the previous paper. 1) We termed the method A: a prolonged-release portion was fed as the first layer and an immediate-release portion was fed as the second layer in bilayer compression, and termed the method B: an immediate-release portion was fed as the first layer and a prolonged-release portion was fed as the second layer in bilayer compression. A pre-compression pressure and main compression pressure were 6.5 and 91 MPa, respectively. Dies were of 13.5ϫ6.2 mm size in an oblong shape, and concave punches of 3.8R were used.
Microphotographs of Tablets Microphotographs of tablets were taken using a video microscope (VMS-5000, SCALAR) and a video printer (Mavigraph UP-1800, SONY).
Measurement of Capping Ratio Flat, 14 mm radius of curvature (14R) convexo-convex, 7.5 mm radius of curvature (7.5R) convexo-convex, 7.5R convexo-concave tablets consisting of the prolonged-release layer manufactured by dry granulation were used. Flat tablets were compacted using a flatfaced upper punch and a flat-faced lower punch. Convexo-convex tablets were compacted using a concave-faced upper punch and a concave-faced lower punch. In particular, convexo-concave tablets were compacted using a concave-faced upper punch and a convex-faced lower punch. We assumed that the capping ratio of convexo-concave tablets is the capping ratio of tablets in the shape of second layer on bilayer caplets. The compression pressure was 98 MPa. Other compression condition was the same described in the experiment of measurement of tensile strength. The capping ratio was measured by counting the number of capped tablets in the friability test. The friability test was conducted 30 rpm for 3 min with the special friability tester. The diameter of the tester was 50 cm. The stainless steel board was attached to the tester. Tha board was where tablets were dropped in the tester.
Evaluation of the Uniformity of Density Distribution inside the Tablets Flat, 7.5R convexo-convex, 7.5R convexo-concave tablets consisting of the prolonged-release layer manufactured by dry granulation were used. The difference in boring speed between the center and the edge on the tablets have been used to evaluate the uniformity of density distribution inside the tablets. Spinanalyzer (Japan Electron Optics Laboratory) was utilized for measurement of boring speed. The load was 90 g. The drill diameter was 1 mm. The drill revolving speed was 50 rpm.
Computerized Tomograms (CT) of Bilayer Caplets CT of bilayer caplets were performed by the composite X-ray examination system (Musashi, NS-ELEX Co.).
Results and Discussion
The Compactibility of Metolose 90SH4000 The tensile strength of Metolose 90SH4000 tablets was investigated as compared with the tensile strengths of Avicel PH101 tablets and Tablettose tablets. This is shown in Fig. 1 . The tensile strength of Metolose 90SH4000 tablets was inferior to the tensile strength of Avicel PH101 tablets, but was superior to the tensile strength of Tablettose tablets. Since Tablettose is a directly compressible material, the compactibility of Metolose 90SH4000 is good. Figure 2 shows the microphotograph of the Metolose 90SH4000 tablets after the diametrical compression test. The tablets were not only fractured in the diametrical direction but laminated. We found that Metolose 90SH4000 has a tendency of lamination. Nakagawa and co-workers investigated the effects of morphology of aspirin crystals on the preferred orientation in a tablet using an X-ray diffraction method. 17, 18) They reported that thin, plate-like crystals had the greater tendency to orient preferentially in a tablet and showed a greater tendency of lamination in the compression process. By observation of Metolose 90SH4000 tablets after the diametrical compression test in Fig. 2 , it was assumed that the reason why Metolose 90SH4000 has a tendency of lamination that Metolose 90SH4000 is of fibrous structure that would preferentially orient in a tablet during compression.
The above mentioned facts indicate that Metolose 90SH4000 has both a good compactibility and a tendency of lamination.
Cracking of Bilayer Caplets In manufacturing the formulated bilayer caplets having the prolonged-release layer 
Fig. 2. Microphotograph of Metolose 90SH4000 Tablets after the Diametrical Compression Test
whose Metolose 90SH4000 content is 60%, some bilayer caplets were cracked. It was usually guessed that cracking would be the separation between the first layer and the second layer due to deficient bonding of the two layers. In order to confirm the cause of cracking of bilayer caplets, side view and cross-section of cracked caplets were observed using a video microscope. The microphotographs of side view and cross-section of cracked caplets are shown in Fig. 3 . Cracked caplets have not separated the second layer from the first layer. We found that cracking of bilayer caplets results from lamination in the prolonged-release layer.
From the results shown in Figs. 2 and 3 , it was suggested that Metolose 90SH4000, whose content in the prolonged-release layer is 60%, causes lamination of the prolonged-release layer. Moreover, the deep convex face which is 3.8 R on the bilayer caplets promoted lamination.
Relationships between Manufacturing Methods of Bilayer Caplets and Number of Laminated Bilayer Caplets
The relationships between manufacturing methods of bilayer caplets and number of laminated bilayer caplets were investigated. This is shown in Fig. 4 . Two factors, roller compaction pressure on dry granulation of the prolonged-release layer and filling order of the prolonged-release layer in bilayer compression, were related to lamination of bilayer caplets. An increase in roller compaction pressure increased the number of laminated bilayer caplets. When filling order of the prolonged-release layer in bilayer compression changed from the first filling (method A) to the second filling (method B), the number of laminated caplets were notably reduced. Almost all the caplets whose the prolonged-release layer manufactured by dry granulation in the first layer were laminated.
In contrast, all the caplets whose the prolonged-release layer manufactured by direct compression, i.e., the roller compaction pressure is 0 kN, in the second layer have never laminated.
Effect of Roller Compaction Pressure on Compactibility of the Prolonged-Release Layer
Difference between dry granulation and direct compression lies in roller compaction pressure applied. Therefore, effect of roller compaction pressure on the compactibility of the prolonged-release layer was investigated. This is shown in Fig. 5 . The results indicate the tensile strength of tablets consisting of the prolonged-release layer notably decrease with an increase in roller compaction pressure on dry granulation even if particle size was the same. The tensile strength of tablets consisting of the prolonged-release layer manufactured by direct compression, i.e., the roller compaction pressure is 0 kN, shows 680 Vol. 48, No. 5 the highest tensile strength. Accordingly, the compactibility of the prolonged-release layer manufactured by direct compression is superior to that manufactured by dry granulation. This results confirmed the findings of Sheskey et al. 9, 10) Mollan, Jr. et al. described that microcrystalline cellulose owes most of its high tensile strength to hydrogen bonds. 19) During roller compaction, Metolose 90SH4000 undergoes plastic deformation [3] [4] [5] [6] [7] [8] which causes an increase in available surface area and this allows an increased number of bonds to be potentially formed. It is possible that the number of hydrogen bonding sites could be saturated and thus would be rigid granules that is unavailable for further bonding on compression as in the case of microcrystalline cellulose.
Effect of Filling Order of the Prolonged-Release Layer in Bilayer Compression on Compactibility of Bilayer
Caplets Different filling order of the prolonged-release layer in bilayer compression gave different shape of the prolonged-release layer in bilayer caplets. The compressed shape of the first layer is convexo-convex and the compressed shape of the second layer is convexo-concave. The effect of the compressed shape on the compactibility was investigated by measuring capping ratios of several shape of tablets. Figure 6 shows the capping ratios of tablets consisting of the prolonged-release layer manufactured by dry granulation whose shape was flat, 14R convexo-convex, 7.5R convexo-convex, and 7.5R convexo-concave. An decrease in the punch radius of curvature increased the capping ratio. In other words, deep convex face of tablets promoted capping. The capping ratio of convexo-concave tablets was smaller than that of convexoconvex tablets though the punch radius of curvature was the same. This result has attracted considerable interest.
Sugimori et al. suggested a linear relationship expressed by Eq. 2 (2) where Q rc is the extrapolated residual die wall pressure of a convexo-convex tablet, Q rf is that of a flat tablet, k is constant, T v is the thickness of the flat tablet having the same diameter and the same volume as the convexo-convex tablet, and T e is the edge thickness of the convexo-convex tablet. 20) They reported that an increase in T v /T e -value resulted in an increase in extrapolated residual die wall pressure. They concluded that the extrapolated residual die wall pressure coincided with the capping tendency of tablets and T v /T e -value was useful in predicting capping. Since T v /T e -value of the convexo-concave tablets was smaller than that of the convexo-convex tablets, the residual die wall pressure per unit area of the convexo-concave tablets would be smaller than that of the convexo-convex tablets. It was assumed that the residual die wall pressure per unit area is one of the reasons why the capping ratio of the convexo-concave tablets were smaller than that of the convexo-convex tablets. However, the capping ratio of the convexo-concave tablets was larger than the flat tablets though T v /T e -value was the same. This result suggested another reason would exist.
Matsuno and Okano suggested that capping and lamination resulted from the lack of uniform density distribution inside tablets.
21) Accordingly, we assumed that the density distribution inside the convexo-concave tablets would be more uniform than that inside the convexo-convex tablets, but less uniform than that inside the flat tablets.
Effect of the Compressed Shape on the Uniformity of Density Distribution inside the Tablets The boring speed measurement is a useful parameter to evaluate the distribution of hardness inside the tablets. [22] [23] [24] [25] Therefore, we measured the difference in boring speed between the center and the edge on the flat, the convexo-concave, and the convexoconvex tablets to evaluate the uniformity of density distribution inside the tablets. This is shown in Fig. 7 . The difference in boring speed on the convexo-concave tablets is smaller than that on the convexo-convex tablets, but larger than that on the flat tablets. We found that the density distribution inside the convexo-concave tablets is more uniform than that inside the convexo-convex tablets, but less uniform than that inside the flat tablets. We concluded that the lack of uniform density distribution inside tablets chiefly causes lamination. Figure 8 shows CT pictures of cross-section of bilayer caplets having the prolonged-release layer manufactured by direct compression. The white spots of the pictures were calcium of the compressed anhydrous dibasic calcium phosphate (Fujicalin SG) in the prolonged-release layer. On the prolonged-release layer in the shape of convexo-convex, the white spots in the edge were concentrated and the white spots in the center were loose. In contrast, on the prolonged-release layer in the shape of convexo-concave, the white spots were uniformly distributed. Accordingly, we visually concluded that the prolonged-release layer as the second layer in the shape of convexo-concave have more uniform density distribution than the prolonged-release layer as the first layer in the shape of convexo-convex.
Conclusions
Cracking of the formulated bilayer caplets was not the separation of two layers, but lamination of the prolonged-release layer. It was assumed that Metolose 90SH4000 causes lamination of the prolonged-release layer.
When comparing the compactibility of the formulated bilayer caplets manufactured by different methods, we found that:
1. The manufacturing method of the formulated bilayer caplets having the prolonged-release layer whose Metolose 90SH4000 content is 60% without lamination is as follows: the prolonged-release layer manufactured by direct compression is fed as the second layer in bilayer compression.
2. The compactibility of the prolonged-release layer decrease with an increase in roller compaction pressure on dry granulation. The compactibility of the prolonged-release layer manufactured by direct compression is superior to that manufactured by dry granulation.
3. Excellent compactibility of the second filling of the prolonged-release layer in bilayer compression is due to the compressed shape of the second layer, convexo-concave, that have more uniform density distribution than the compressed shape of the first layer, convexo-convex. Vol. 48, No. 5 
